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Determining a target rotation angle of a micro-mirror of each micro-mirror assembly

of an array of micro-mirror assemblies of a microelectromechanical system (MEMS)

formed on a semiconductor substrate, each micro-assembly further comprisinga |- 802

deformable actuator directly connected to the substrate and mechanically connected

to an end portion of the micro-mirror, the MEMS being part of a Light Detection and
Ranging (LIDAR) module

l

Generating, based on the target rotation angle, an electrical signal

l

Deforming, using the electrical signal, the actuator of each mirror-mirror assembly to | _ g0
generate a torque

l

Apply, via the deformation of the actuator, the forque to rotate the micro-mirror of

each micro-mirror assembly around a rotation axis by the target rotation angle to | _ ggg

reflect light emitted by a light source out of the LiIDAR module or to reflect light
received by the LIDAR module to a receiver

- 804

FIG. 8
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1
MIRROR ASSEMBLY FOR LIGHT
STEERING

CROSS-REFERENCES TO RELATED
APPLICATIONS

The following U.S. patent applications listed below
(which include the present application) are being filed
concurrently, and the entire disclosures of the other appli-
cations are hereby incorporated by reference into this appli-
cation for all purposes:
application Ser. No. 17/001,042, filed Aug. 24, 2020, and
entitled “Structures for Piezoelectric Actuator to
Increase Displacement and Maintain Stiffness”;

application Ser. No. 17/001,038, filed Aug. 24, 2020, and
entitled “MEMS Scanning Mirror With Piezoelectric
Drive Mechanism.”

BACKGROUND

Light steering typically involves the projection of light in
a predetermined direction to facilitate, for example, the
illumination and scanning of a scene, the detection and
ranging of one or more objects in the scene, or the like. Light
steering can be used in many different fields of applications
including, for example, autonomous vehicles or medical
diagnostic devices.

Light steering can be performed in both transmission and
reception of light. For example, a light steering transmitter
may include a micro-mirror array to control the projection
direction of light to detect/image an object. Moreover, a light
steering receiver may also include a micro-mirror array to
select a direction of incident light to be detected by the
receiver, to avoid detecting other unwanted signals. The
micro-mirror array may include an array of micro-mirror
assemblies, with each micro-mirror assembly comprising a
micro-mirror and an actuator. A micro-mirror can be rotated
around a pivot point by an actuator. Each micro-mirror can
be rotated by a rotation angle to reflect (and steer) light
towards a target direction.

The performance of a light steering system can be evalu-
ated based on various metrics, such as field of view (FOV)
and a detection range. The FOV can define the extent of a
scene to be detected/illuminated by the light steering system,
whereas the detection range can define the farthest object of
the scene that can be detected/illuminated by the light
steering system. A range of rotation angle of the micro-
mirror can define an FOV. An FOV can define a scanning
range of direction of lights to be projected to detect/scan an
object. The FOV can also define a range of directions of
incident lights, reflected by the object, that are to be detected
by the receiver. In addition, a size of the micro-mirror can
determine an aperture size of the light steering transmitter/
receiver, which can affect the projection range/detection
range of the system. It is desirable to increase the FOV and
the detection/projection range of the light steering system to
increase the extent of a scene that is illuminated and
scanned, which can increase the number of objects that can
be detected/illuminated in the scene.

BRIEF SUMMARY

Techniques disclosed herein relate generally to microelec-
tromechanical (MEMS) mirrors that can be used in, for
example, light detection and ranging (LiDAR) systems or
other light beam steering systems. More specifically, and
without limitation, disclosed herein are MEMS micro-mir-
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rors that include structures to achieve a large rotation angle,
thereby achieving a large scanning angle and thus a large
field of view (FOV) for a given resonant frequency and
resolution.

In one example, an apparatus is provided. The apparatus
being part of a Light Detection and Ranging (LiDAR)
module of a vehicle and comprises: a semiconductor inte-
grated circuit comprising a microelectromechanical system
(MEMS) and a substrate, the MEMS comprising an array of
micro-mirror assemblies, each micro-mirror assembly com-
prising: a micro-mirror; and an actuator directly connected
to the substrate and mechanically connected to an end
portion of the micro-mirror and deformable in response to an
electrical signal to generate a torque to rotate the micro-
mirror around a rotation axis to reflect light emitted by a
light source out of the LiDAR module or to reflect light
received by the LiDAR module to a receiver.

In some aspects, the actuator comprises a piezoelectric
actuator deformable to bend up or down along a first axis
perpendicular to the rotation axis of the micro-mirror to
exert the torque.

In some aspects, the mechanical connection between the
actuator and the micro-mirror comprises one of: the actuator
being directly connected to the micro-mirror, or the actuator
being directly connected to a gimbal surrounding the micro-
mirror, the gimbal being directly connected to the micro-
mirror.

In some aspects, the apparatus further comprises a
deformable connection structure directly connected to the
actuator and mechanically connected to the micro-mirror.
The actuator is configured to exert the torque to the micro-
mirror via the connection structure. The connection structure
deforms when the micro-mirror rotates.

In some aspects, the connection structure is mechanically
connected to a side of the micro-mirror that intersects the
rotation axis.

In some aspects, the connection structure is mechanically
connected to a side of the micro-mirror parallel with the
rotation axis.

In some aspects, the connection structure comprises a first
bar, a second bar, and a frame structure between the first bar
and the second bar, the first bar being directly connected to
the actuator, the second bar being mechanically connected to
the micro-mirror, and the frame structure being directly
connected to each of the first bar and the second bar at,
respectively, a first connection point and a second connec-
tion point.

In some aspects, the frame structure has a first degree of
spring stiffness along a first direction to allow the first
connection point to move with respect to the second con-
nection point along the first direction when the micro-mirror
rotates. The frame structure has a second degree of spring
stiffness along a second direction perpendicular to the first
direction. The second degree of spring stiffness is higher
than the first degree of spring stiffness to cause the first
connection point and the second connection point to move
together along the second direction as when the micro-
mirror rotates.

In some aspects, the frame structure comprises at least one
of: a rectangular shape, an oval shape, or a diamond shape.

In some aspects, the connection structure comprises a
serpentine-shaped bar directly connected to the substrate at
a first connection point and mechanically connected to the
micro-mirror at a second connection point. The serpentine-
shaped bar has a first degree of spring stiffness along a first
direction to allow the first connection point to move with
respect to the second connection point along the first direc-
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tion when the micro-mirror rotates. The serpentine-shaped
bar has a second degree of spring stiffness along a second
direction perpendicular to the first direction. The second
degree of spring stiffness is higher than the first degree of
spring stiffness to cause the first connection point and the
second connection point to move together along the second
direction as when the micro-mirror rotates.

In some aspects, the actuator, the connection structure,
and the micro-mirror are formed from patterning a single
layer of silicon material. The micro-mirror assembly is
formed by stacking the patterned single layer of silicon
material on the substrate having a cavity such that the
actuator, the connection structure, and the micro-mirror
suspend over the cavity.

In some aspects, the actuator is mechanically connected to
a bottom surface of the micro-mirror opposite to a light-
reflecting surface of the micro-mirror.

In some aspects, the micro-mirror is formed from pat-
terning a first layer of silicon material. The actuator is
formed from patterning a second layer of silicon material.
The micro-mirror assembly is formed by stacking the pat-
terned first layer of silicon material and the patterned second
layer of silicon material on the substrate having a cavity such
that the actuator and the micro-mirror suspend over the
cavity.

In some aspects, the actuator is a first actuator, the end is
a first end. The apparatus further comprises a second actua-
tor mechanically connected to a second end of the micro-
mirror, the second end being opposite to the first end. The
first actuator and the second actuator are configured to bend
at opposite directions and to move, respectively, the first end
and the second end by the same displacement.

In some aspects, the micro-mirror is not mechanically
connected to the substrate at the rotational axis.

In some aspects, the apparatus further comprises a pair of
connection structures mechanically connected to the micro-
mirror and placed over a pair of grooves formed on the
substrate, the pair of connection structures being rotatable
over the pair of grooves.

In some aspects, a frequency of rotation of the micro-
mirror is set based on a degree of spring stiffness of the
deformable actuator.

In some aspects, the apparatus further comprises a con-
troller configured to control the actuator of each micro-
mirror assembly of the array of micro-mirror assemblies to
rotate the micro-mirror of the respective micro-mirror
assembly to set one of: an input path of light to the receiver,
or an output projection path of light from the light source.

In some aspects, wherein the light source is a pulsed light
source; wherein the controller is configured to: control the
light source to generate a first light pulse at a first time;
control the actuator to set a first angle of the output projec-
tion path to project the first light pulse towards an object
along the output projection path; control the actuator of each
micro-mirror assembly to set a second angle of the input
path to steer a second light pulse reflected from the object to
the receiver, the second light pulse being received at the
receiver at a second time; and determine a location of the
object with respect to the apparatus based on a difference
between the first time and the second time, as well as on the
first angle and the second angle.

In some aspects, a method comprises: determining a target
rotation angle of a micro-mirror of each micro-mirror
assembly of an array of micro-mirror assemblies of a
microelectromechanical system (MEMS) implemented on a
semiconductor substrate, each micro-assembly further com-
prising a deformable actuator directly connected to the
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4

substrate and mechanically connected to an end portion of
the micro-mirror, the MEMS being part of a Light Detection
and Ranging (LiDAR) module; generating, based on the
target rotation angle, an electrical signal; deforming, using
the electrical signal, the actuator of each mirror-mirror
assembly to generate a torque; and rotating, using the torque,
the micro-mirror of each micro-mirror assembly around a
rotation axis by the target rotation angle to reflect light
emitted by a light source out of the LiDAR module or to
reflect light received by the LiDAR module to a receiver.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description is set forth with reference to the
accompanying figures.

FIG. 1 shows an autonomous driving vehicle utilizing
aspects of certain examples of the disclosed techniques
herein.

FIG. 2A, FIG. 2B, FIG. 2C, FIG. 2D, and FIG. 2E
illustrate examples of a light steering system and properties
of internal components of the light steering system, accord-
ing to certain examples.

FIG. 3A, FIG. 3B, and FIG. 3C illustrate examples of a
micro-mirror assembly having a piezoelectric actuator,
according to examples of the present disclosure.

FIG. 4A, FIG. 4B, FIG. 4C, and FIG. 4D illustrate
additional examples of micro-mirror assembly of FIG.
3A-FIG. 3C and their operations, according to examples of
the present disclosure.

FIG. 5 illustrates an additional example of micro-mirror
assembly of FIG. 3A-FIG. 3C, according to examples of the
present disclosure.

FIG. 6A and FIG. 6B illustrate additional techniques to
increase the rotation angle of the micro-mirror assembly of
FIG. 3A-FIG. 3C, according to examples of the present
disclosure.

FIG. 7A, FIG. 7B, and FIG. 7C illustrate examples of
fabrication processes to fabricate the example micro-mirror
assembly of FIG. 3A-FIG. 3C.

FIG. 8 illustrates an example of a method of operating a
Light Detection and Ranging (LiDAR) module, according to
examples of the present disclosure.

DETAILED DESCRIPTION

In the following description, various examples of a mirror
assembly and a light steering system will be described. For
purposes of explanation, specific configurations and details
are set forth to provide a thorough understanding of the
examples. However, it will be apparent to one skilled in the
art that certain examples may be practiced or implemented
without every detail disclosed. Furthermore, well-known
features may be omitted or simplified to prevent any obfus-
cation of the novel features described herein.

Light steering can be found in different applications. For
example, a Light Detection and Ranging (LiDAR) module
of a vehicle may include a light steering system. The light
steering system can be part of the transmitter to steer light
towards different directions to detect obstacles around the
vehicle and to determine the distances between the obstacles
and the vehicle, which can be used for autonomous driving.
Moreover, a light steering receiver may also include a
micro-mirror array to select a direction of incident light to be
detected by the receiver, to avoid detecting other unwanted
signals. Further, the headlight of a manually driven vehicle
can include the light steering transmitter, which can be
controlled to focus light towards a particular direction to
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improve visibility for the driver. In another example, optical
diagnostic equipment, such as an endoscope, can include a
light steering transmitter to steer light in different directions
onto an object in a sequential scanning process to obtain an
image of the object for diagnosis.

Light steering can be implemented by way of a micro-
mirror array. The micro-mirror array can have an array of
micro-mirror assemblies, with each micro-mirror assembly
having a movable micro-mirror and an associated actuator
(or multiple actuators). In each micro-mirror assembly, the
actuator can be controlled to exert a torque to rotate the
micro-mirror around a pivot by a rotation angle to reflect
(and steer) light towards a target direction. The micro-
mirrors and actuators can be formed as microelectrome-
chanical systems (MEMS) on a semiconductor substrate.
Such arrangements allow integration of the MEMS with
other circuitries (e.g., controller, interface circuits) on the
semiconductor substrate.

The array of micro-mirrors can receive an incident light
beam, and each micro-mirror can be rotated at a common
rotation angle to project/steer the incident light beam at a
target direction. Each micro-mirror can be rotated around
two orthogonal axes, and the rotation movements of the
micro-mirror can define the overall performance of the light
steering system. Specifically, a first range of rotation angles
of the micro-mirror about a first axis can define a first range
of projection angles along a vertical dimension, whereas a
second range of rotation angles of the micro-mirror about a
second axis can define a second range of projection angles
along a horizontal dimension. The first range and the second
range of projection angles can define a two-dimensional
field of view (FOV) in which light is to be projected to
detect/scan an object. The FOV can also define a two-
dimensional range of directions of incident lights, reflected
by the object, that are to be detected by the receiver. In
addition, the size of the micro-mirror can determine the
available reflective area of the micro-mirror, which in turn
can define the aperture size of the micro-mirror and the
detection/projection range of the light steering system. Fur-
thermore, the frequency at which the micro-mirror rotates
can define the time it takes for each micro-mirror to sweep
through the ranges of projection, which can affect the
resolution of the scanning operation. A higher resolution of
the scanning operation can be achieved by increasing the
rotation frequency of the micro-mirrors.

The range of rotation angles of the micro-mirror of a
micro-mirror assembly, as well as the rotation frequency of
the micro-mirror, can be affected by various attributes of the
micro-mirror assembly, such as the structure of the actuator
or the structure and/or the material of the micro-mirror. For
example, the actuator may include a comb drive having two
sets of fingers. One set of fingers, which is static, may be
formed on the semiconductor substrate, whereas the other
set of fingers may be formed on an edge of the micro-mirror
and is movable. A voltage difference between the two sets of
fingers can create an electrostatic force, which can cause the
micro-mirror to rotate when the two sets of fingers engage
each other, and the rotation angle can correspond to the
voltage difference. But when the rotation angle of the
micro-mirror reaches a disengagement angle where the two
sets of fingers no longer engage each other and no longer
experience the electrostatic force, the micro-mirror cannot
rotate further, and the disengagement angle can set an upper
limit of the rotation angle. The disengagement angle may be
reduced when the size of the micro-mirror increases to
increase the aperture size and the detection range, since the
movable set of fingers on the edge of the micro-mirror
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becomes further away from pivot and can experience a
larger displacement. As a result, the aperture size (and the
size of the micro-mirror) can limit the range of the rotation
angle as well as the FOV.

As another example, the rotation angle as well as the
rotation frequency of the micro-mirror can be affected by
other components of the micro-mirror assembly, such as a
pivot connection structure (e.g., a torsion bar, a spring)
between the micro-mirror and the semiconductor substrate
to set a pivot point of rotation. The pivot connection
structure may need to be deformed to accommodate the
rotation of the micro-mirror. The pivot connection structure
has a considerable degree of spring stiffness, which needs to
be overcome by the actuator to deform the pivot connection
structure. The degree of spring stiffness can define the
rotation angle of the micro-mirror for a given torque pro-
vided by the actuator, with a smaller spring stiffness leading
to a larger rotation angle and vice versa. In addition, the
frequency of rotation can also be affected by the degree of
spring stiffness of the pivot connection structure. With a
higher spring stiffness, the pivot connection structure can
return the micro-mirror back to its default orientation faster,
which can increase the frequency of rotation of the micro-
mirror as well as the scanning resolution. But a higher spring
stiffness can decrease the rotation angle of the micro-mirror
for a given torque.

It is desirable to increase the detection range, the FOV,
and the scanning resolution of the light steering system. In
a case where the light steering system is part of a LiDAR
system of a vehicle, increasing the detection range allows
the LiDAR system to detect objects (e.g., a pedestrian,
another vehicle, other obstacles) farther away from the
vehicle. Moreover, increasing the FOV allows the LiDAR
system to detect a larger extent of a scene, which can capture
more information about the environment the vehicle is in.
Further, increasing the scanning resolution allows the
LiDAR system to capture the information at a higher rate
and to track fast-moving objects. All these can improve the
performance of the LiDAR system in detecting objects
around the vehicle, some of which can pose danger to the
vehicle. The safety of the vehicle can be improved as a
result. However, as explained above, the detection range, the
FOV, and the scanning frequency can impose conflicting
requirements on the micro-mirror. For example, a larger
micro-mirror can increase the detection range but also
reduce the maximum rotation angle and the range of rotation
angles of the micro-mirror, which reduces the FOV. More-
over, a higher scanning frequency may require the pivot
connection structure to have a higher degree of spring
stiffness, but then the higher degree of spring stifthess of the
pivot connection structure can also reduce the maximum
rotation angle of the micro-mirror and the FOV.

Conceptual Overview of Certain Examples

Examples of the present disclosure relate to a light
steering system that can address the problems described
above. Various examples of the light steering can include a
plurality of micro-mirrors to perform light steering, such as
those shown and described below with respect to FIG.
2A-FIG. 6B. The light steering system can be used as part
of a transmitter to control a direction of projection of output
light. The light steering system can also be used as part of
a receiver to select a direction of input light to be detected
by the receiver. The light steering system can also be used
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in a coaxial configuration such that the light steering system
can project output light to a location and detect light
reflected from that location.

In some examples, a light steering system may include a
light source, a semiconductor integrated circuit comprising
an MEMS, a substrate in which a controller is formed, as
well as a receiver. The MEMS may include an array of
micro-mirror assemblies, each micro-mirror assembly com-
prising a micro-mirror. The micro-mirror assemblies of the
MEMS may be configured to reflect light from the light
source along an output projection path. The micro-mirror
assemblies of the MEMS may also be configured to reflect
incident light propagating along an input path to the receiver.
In each micro-mirror assembly, the micro-mirror is rotatable
around to a rotation axis according to a target rotation angle
to reflect (and steer) light towards a target direction in the
FOV. Each micro-mirror assembly further includes an actua-
tor controllable by the controller to rotate the micro-mirror
by the target rotation angle.

In some examples, in each micro-mirror assembly, the
actuator is directly connected to the substrate and is
mechanically connected to an end portion of the micro-
mirror. The actuator is deformable in response to an elec-
trical signal from the controller to exert a force at the end of
the micro-mirror. The force can create a torque to rotate the
micro-mirror around a rotation axis. As used herein,
“mechanically connected” or “connected” can include a
direct physical connection or an indirect physical connec-
tion. In one example, the actuator can be directly connected
to the micro-mirror. In another example, the actuator can be
indirectly connected to the micro-mirror via, for example, a
force-transfer connection structure and/or a frame (e.g., a
gimbal) that surrounds the micro-mirror.

In some examples, the actuator includes a piezoelectric
actuator deformable to bend up or down along a first axis
perpendicular to the rotation axis of the micro-mirror to
exert the force. As the piezoelectric actuator bends, the
piezoelectric actuator can move the end of the micro-mirror
to tilt the micro-mirror, which causes the micro-mirror to
rotate around the rotation axis. The piezoelectric actuator
may include a layer of lead zirconate titanate (PZT) material
formed on a layer of elastic material, such as silicon.

Unlike the case of comb drive where there is no physical
connection between the two sets of fingers and where the
comb drive may be unable to exert a force on the micro-
mirror when the two sets of fingers disengage, with the
disclosed techniques the piezoelectric actuator can remain
mechanically connected with the micro-mirror as the micro-
mirror rotates. Such arrangements allow the piezoelectric
actuator to continue to exert the torque and set the rotation
angle of the micro-mirror even when the opposite ends of the
micro-mirror experience a large displacement from their
initial positions. As a result, the achievable range of rotation
angle of the micro-mirror, as well as the FOV, can be
increased, while the range of rotation angle is not (or less)
limited by the dimension of the micro-mirror, which allows
improvements in both the FOV and detection range of the
light steering system.

Various examples of driving arrangements of piezoelec-
tric actuators are disclosed. In one example, as shown in
FIG. 4A-FIG. 4E, the piezoelectric actuator can be mechani-
cally connected to the end portion of the micro-mirror via
one or more deformable force-transfer connection struc-
tures. One end of the deformable force-transfer connection
is directly connected to the piezoelectric actuator. In one
example, another end of the deformable force-transfer con-
nection structure is directly connected to a first side surface
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of the micro-mirror (or of the gimbal) that intersects with the
rotation axis, as shown in FIG. 4A. In another example,
another end of the deformable force-transfer connection
structure is directly connected to a second side surface of the
micro-mirror (or of the gimbal) that runs parallel with the
rotation axis, as shown in FIG. 4B. In both examples, the
force-transfer connection structures are connected to a part
of the first surface or the second surface at the end portion
of the micro-mirror away from the rotation axis, such that a
force exerted by the force-transfer connection structure
(transferred from the actuator) can create a torque around the
rotation axis of the micro-mirror. The actuator, the force-
transfer connection structures, and the micro-mirror can be
formed from patterning a single layer of silicon material,
following by coating a layer of PZT material over the
region(s) of the silicon material that correspond to the
actuator. A micro-mirror assembly can be formed by stack-
ing the patterned single layer of silicon material on the
substrate having a cavity such that the actuator, the connec-
tion structure, and the micro-mirror suspend over the cavity,
which provides space for the actuator to bend and for the
micro-mirror to rotate.

Various examples of force-transfer connection structure
are proposed. In one example, as shown in FIG. 4C, the
connection structure can include a first bar, a second bar, and
a frame structure connected between the first bar and the
second bar. The first bar is directly connected to the actuator
at a first connection point, whereas the second bar is directly
connected to the gimbal/micro-mirror at a second connec-
tion point. Opposite ends of the first bar and the second bar
are directly connected to two sides of the frame structure. As
the actuator bends, the first and second connection points
may move towards and away from each other depending on
the direction of the bending. The frame structure is deform-
able to accommodate the relative movements of the two
connection points, yet the frame structure also has the
requisite degree of spring stiffness to transfer a bending
force of the actuator to the micro-mirror to provide the
torque. In some examples, the frame structure can have
different degrees of spring stiffness along different direc-
tions. For example, the frame structure may a relatively low
degree of spring stiffness along a horizontal direction (e.g.,
parallel with the substrate) to allow the first and second
connection points to move towards or away from each other
along the horizontal direction. Moreover, the frame structure
may have a relatively high degree of spring stiffness (higher
than that along the horizontal direction) along a vertical
direction to force the first and second connection points to
move up or down together, so as to transfer the bending
force to provide the torque to the micro-mirror.

As another example, as shown in FIG. 4D, the force-
transfer connection structure can include a deformable bar
having a serpentine or spring shape. One end of the deform-
able bar is directly connected to the actuator at a first
connection point, whereas another end of the deformable bar
is directly connected to the gimbal/micro-mirror at a second
connection point. Just like the frame structure of FIG. 4C,
the bar in FIG. 4D has a relatively low degree of spring
stiffness along the horizontal direction to accommodate the
relative movements of the two connection points along the
horizontal direction, yet the bar also has a relatively high
degree of spring stiffness along the vertical direction to force
the two connection points to move up or down together, so
as to transfer a bending force of the actuator to the micro-
mirror to provide the torque.

In another example, as shown in FIG. 5, the piezoelectric
actuator can be directly connected to the micro-mirror/
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gimbal without a force-transfer connection structure in
between. The piezoelectric actuator can be connected to a
bottom surface of the micro-mirror (or the gimbal) that is
opposite to a light-reflecting surface of the micro-mirror.
The connection point between the piezoelectric actuator and
the bottom surface of the micro-mirror can be at the end
portion of the micro-mirror and away from the rotation axis,
such that the force exerted by the piezoelectric actuator can
form a torque to rotate the micro-mirror. In some examples,
the micro-mirror can be formed from patterning a first layer
of silicon material, and the actuator can be formed from
patterning a second layer of silicon material (followed by
coating a PZT layer). A micro-mirror assembly can be
formed by stacking the patterned first layer of silicon
material and the patterned second layer of silicon material
on the substrate having a cavity such that the actuator and
the micro-mirror suspend over the cavity, which provides
space for the actuator to bend and for the micro-mirror to
rotate.

In some examples, the micro-mirror/gimbal can be con-
nected to the substrate via a pair of pivot connection
structures (e.g., a torsion bar, a spring) to set the pivot point
of rotation, but the stiffness of the pivot connection struc-
tures may limit the achievable range of rotation angle of the
micro-mirror, as explained above. In some examples, to
further increase the maximum rotation angle and the FOV,
the pivot connection structures can be removed, as shown in
FIG. 6A, to remove the constraint on the maximum rotation
angle imposed by the pivot connection structures. The pivot
connection structures may not be needed to set the pivot
point of rotation if the micro-mirror includes a pair of
actuators each displacing an opposite end of the micro-
mirror by the same distance but towards opposite directions
(e.g., one end goes up, the other end goes down). In some
examples, the micro-mirror assembly may also include a
pair of pivot connection structures having a very low degree
of spring stiffness, and/or a pair of movable connection
structures fit within a pair of grooves of the substrate as
shown in FIG. 6B, to prevent the movement of the pivot
point due to mismatches between the pair of actuators. In all
these examples, the overall degree of spring stiffness of the
micro-mirror assembly, which can determine the scanning
frequency and resolution, can be determined mostly by the
degree of spring stiffness of the piezoelectric actuators. With
such arrangements, the constraint on the rotation angle
imposed by the spring stiffness of pivot connection struc-
tures can be removed, which can further increase the rotation
angle and the FOV of the light steering system.

Typical System Environment for Certain Examples

FIG. 1 illustrates an autonomous vehicle 100 in which the
disclosed techniques can be implemented. Autonomous
vehicle 100 includes a LiDAR module 102. LiDAR module
102 allows autonomous vehicle 100 to perform object
detection and ranging in a surrounding environment. Based
on the result of object detection and ranging, autonomous
vehicle 100 can maneuver to avoid a collision with the
object. LiDAR module 102 can include a light steering
transmitter 104 and a receiver 106. Light steering transmitter
104 can project one or more light signals 108 at various
directions at different times in any suitable scanning pattern,
while receiver 106 can monitor for a light signal 110 which
is generated by the reflection of light signal 108 by an object.
Light signals 108 and 110 may include, for example, a light
pulse, a frequency modulated continuous wave (FMCW)
signal, or an amplitude modulated continuous wave
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(AMCW) signal. LiDAR module 102 can detect the object
based on the reception of light signal 110 and can perform
a ranging determination (e.g., a distance of the object) based
on a time difference between light signals 108 and 110. For
example, as shown in FIG. 1, LiDAR module 102 can
transmit light signal 108 at a direction directly in front of
autonomous vehicle 100 at time T1 and receive light signal
110 reflected by an object 112 (e.g., another vehicle) at time
T2. Based on the reception of light signal 110, LiDAR
module 102 can determine that object 112 is directly in front
of autonomous vehicle 100. Moreover, based on the time
difference between T1 and T2, LiDAR module 102 can also
determine a distance 114 between autonomous vehicle 100
and object 112. Autonomous vehicle 100 can adjust its speed
(e.g., slowing or stopping) to avoid collision with object 112
based on the detection and ranging of object 112 by LiDAR
module 102.

FIG. 2A-FIG. 2E illustrate examples of internal compo-
nents of a LIDAR module 102. LiDAR module 102 includes
a transmitter 202, a receiver 204, and a LiDAR controller
206 which controls the operations of transmitter 202 and
receiver 204. Transmitter 202 includes a light source 208
and a collimator lens 210, whereas receiver 204 includes a
collimator lens 214 and a photodetector 216. LiDAR module
102 further includes a mirror assembly 212. LiDAR module
102 may further include a beam splitter 213. In LiDAR
module 102, transmitter 202 and receiver 204 can be con-
figured as a coaxial system to share mirror assembly 212 to
perform light steering operation, with beam splitter 213
configured to reflect incident light reflected by mirror assem-
bly 212 to receiver 204.

FIG. 2A illustrates a light projection operation. To project
light, LiDAR controller 206 can control light source 208
(e.g., a pulsed laser diode, a source of FMCW signal,
AMCW signal) to transmit light signal 108 as part of light
beam 218. Light beam 218 can disperse upon leaving light
source 208 and can be converted into collimated light beam
218 by collimator lens 210. Collimated light beam 218 can
be incident upon a mirror assembly 212, which can reflect
collimated light beam 218 to steer it along an output
projection path 219 towards object 112. Mirror assembly
212 can include one or more rotatable mirrors. FIG. 2A
illustrates mirror assembly 212 as having one mirror, but as
to be described below, a micro-mirror array comprising
multiple micro-mirror assemblies can be used to provide the
steering capability of mirror assembly 212. Mirror assembly
212 further includes one or more actuators (not shown in
FIG. 2A) to rotate the rotatable mirrors. The actuators can
rotate the rotatable mirrors around a first axis 222 and can
rotate the rotatable mirrors along a second axis 226. The
rotation around first axis 222 can change a first angle 224 of
output projection path 219 with respect to a first dimension
(e.g., the x-axis), whereas the rotation around second axis
226 can change a second angle 228 of output projection path
219 with respect to a second dimension (e.g., the z-axis).
LiDAR controller 206 can control the actuators to produce
different combinations of angles of rotation around first axis
222 and second axis 226, such that the movement of output
projection path 219 can follow a scanning pattern 232. A
range 234 of movement of output projection path 219 along
the x-axis, as well as a range 238 of movement of output
projection path 219 along the z-axis, can define an FOV. An
object within the FOV, such as object 112, can receive and
reflect collimated light beam 218 to form reflected light
signal, which can be received by receiver 204.

FIG. 2B illustrates a light detection operation. LiDAR
controller 206 can select an incident light direction 239 for
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detection of incident light by receiver 204. The selection can
be based on setting the angles of rotation of the rotatable
mirrors of mirror assembly 212, such that only light beam
220 propagating along light direction 239 gets reflected to
beam splitter 213, which can then divert light beam 220 to
photodetector 216 via collimator lens 214. With such
arrangements, receiver 204 can selectively receive signals
that are relevant for the ranging/imaging of object 112, such
as light signal 110 generated by the reflection of collimated
light beam 218 by object 112, and not receive other signals.
As a result, the effect of environment disturbance on the
ranging/imaging of the object can be reduced and the system
performance can be improved.

FIG. 2C illustrates an example of a micro-mirror array
250 that can be part of light steering transmitter 202 and can
provide the steering capability of mirror assembly 212.
Micro-mirror array 250 can include an array of micro-mirror
assemblies, including micro-mirror assembly 252. Micro-
mirror assembly 252 can include an MEMS implemented on
a semiconductor substrate 255. Micro-mirror assembly 252
may include a gimbal/frame 254 and a micro-mirror 256
forming a gimbal structure. Specifically, pivot connection
structures 258a and 2585 connect micro-mirror 256 to
gimbal 254 at a pair of pivot points. Moreover, pivot
connection structures 258¢ and 2584 connect gimbal 254
(and micro-mirror 256) to side walls 260a and 2605 semi-
conductor substrate 255 at another pair of pivot points. A
pair of pivot connection structures can define a pivot/axis of
rotation for micro-mirror 256. For example, pivot connec-
tion structures 258a and 2585 can define a pivot/axis of
rotation of micro-mirror 256 about the y-axis within gimbal
254, whereas pivot connection structures 258¢ and 2584 can
define a pivot/axis of rotation of gimbal 254 and micro-
mirror 256 about the x-axis with respect to semiconductor
substrate 255.

A micro-mirror assembly 252 can receive and reflect part
of light beam 218. Micro-mirror 256 of micro-mirror assem-
bly 252 can be rotated by an actuator of the micro-mirror
assembly (not shown in FIG. 2B) at a first angle about the
y-axis (around pivot connection structures 258a and 258¢)
and at a second angle about the x-axis (around connection
structures 25856 and 258d) to set the direction of output
projection path for light beam 218 and to define the FOV, as
in FIG. 2A, or to select the direction of input light to be
detected by receiver 204, as in FIG. 2B. FIG. 2C illustrates
another view of micro-mirror assembly 252 including con-
nection structures 258a and 258¢ having a width w and a
thickness h.

To accommodate the rotation motion of micro-mirror 256,
pivot connection structures 258a, 258b, 258¢, and 2584 are
configured to be elastic and deformable. The pivot connec-
tion structure can be in the form of, for example, a torsion
bar, or a spring, and can have a certain spring stiffness. The
spring stiffness of the connection structure can define a
torque required to rotate micro-mirror 256 by a certain
rotation angle, as follows:

1=-K6 (Equation 1)

In Equation 1, T represents torque and K represents a
spring constant that measures the spring stiffness of the
connection structure, whereas 0 represents a target angle of
rotation. The spring constant can depend on various factors,
such as the material of the connection structure or the
cross-sectional area of the connection structure. For
example, the spring constant can be defined according to the
following equation:
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K< ko X GXw® Xk (Equation 2)

L

In Equation 2, L is the length of the pivot connection
structure, G is the shear modulus of material that forms the
connection structure, and k, is a factor that depends on the
ratio between thickness (h) and width (w) given as h/w.

Based on Equations 1 and 2, different torques can be
applied to the micro-mirror to achieve different target rota-
tion angles to start the rotation. The actuator can then
remove the torque, and the elasticity of the connection
structure, defined by the spring constant, can return micro-
mirror 256 back to its default orientation to begin the next
rotation. The rotation of micro-mirror 256 can be repeated in
the form of oscillation. When in a steady state, micro-mirror
256 can rotate at a resonant frequency w based on the spring
constant of pivot connection structures 258a-d as well as the
mass of micro-mirror 256, as follows:

(Equation 3)

K
w=_|—
J

In Equation 3, K is the spring constant of pivot connection
structures 258a-d, whereas ] is the moment of inertia of
micro-mirror 256. The actuator can apply and then remove
a torque at the natural frequency of the micro-mirror to
maintain the oscillation. During steady state, a torque can be
applied at the resonant frequency to overcome the damping
to the oscillation. The damping can be caused by various
sources, such as air friction encountered by the micro-mirror
as the micro-mirror rotates, which introduces air damping.
The resonant frequency can also correspond to a frequency
of rotation of the micro-mirror to reduce the amount of
torque needed to rotate the micro-mirror.

There can be various reasons for increasing the width of
pivot connection structures 258a-d and the degree of spring
stiffness of pivot connection structures 258a-d. One reason
can be due to a large moment of inertia of micro-mirror 256.
The moment of inertia of micro-mirror 256 may increase
due to an increase in the size (and mass) of micro-mirror
256. The size of micro-mirror 256 can be increased to
increase the reflective surface area, which can increase the
aperture size and improve the detection range of LiDAR
module 102. But with the micro-mirror having a larger
moment of inertia, the connection structures need to have a
higher spring stiffhess to improve the structural integrity of
the pivot points, otherwise the connection structure may
break due to the repeated rotation of the micro-mirror. In
addition, the width of connection structures 258a-d and the
degree of spring stiffness (spring constant K) of connection
structures 258a-d can be increased, to increase the resonant
frequency w of rotation of micro-mirror 256. The resonant
frequency can be increased to increase the scanning fre-
quency, which can improve the resolution (in time) of the
scanning operation. Specifically, with a higher resonant
frequency, the micro-mirrors can repeat the scanning opera-
tion at a higher rate, which allows the detection/measure-
ment operation of objects to be performed at a higher rate,
which can improve the resolution of the detection/measure-
ment operation.

Increasing the overall spring stiffness of the pivot con-
nection structures, however, can reduce the rotation angle of
the micro-mirror. Specifically, to rotate the micro-mirror by
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a certain angle, the spring stiffness needs to be overcome to
deform the pivot connection structures. A higher spring
stiffness means the micro-mirror rotates by a smaller rota-
tion angle for a given amount of torque. As the maximum
amount of force (and torque) provided an actuator is typi-
cally limited, increasing the spring stiffness of the pivot
connection structures (e.g., to accommodate a larger micro-
mirror) can reduce the maximum rotation angle of the
micro-mirror, which can lead to a reduction of the range of
rotation angles of the micro-mirror as well as the FOV
provided by the micro-mirror array.

Besides spring stiffness of the pivot connection structures,
the maximum rotation angle of the micro-mirror can also be
reduced by other attributes of the micro-mirror assembly,
such as the structure of the actuator. FIG. 2E illustrates an
example of a pair of actuators 270a and 2705b. As shown in
FIG. 2E, each of actuators 270a and 27056 can include a
comb drive having two corresponding sets of fingers. Actua-
tor 270a may include a corresponding set of fingers 272a
and 272b, whereas actuator 2705 may include a correspond-
ing set of fingers 274a and 2745b. One set of fingers 272a and
274a, which is static, may be formed on semiconductor
substrate 255, whereas the other set of fingers 2726 and 2745
is formed on opposite edges of the micro-mirror and is
movable. When the micro-mirror rotates at a small angle
0 marrs €ach corresponding set of fingers 272a-b and fingers
274a-b is in an engaging position where the side surfaces
(parallel with the x-z plane) of each corresponding set of
fingers overlap. Mutual electrostatic forces between the
overlapping surfaces of a corresponding set of fingers can be
created when a controller applies a voltage difference across
the corresponding set of fingers. The electrostatic force,
which can correspond to the voltage difference, can displace
the set of movable fingers (e.g., fingers 2725 and 2745) from
its initial/default positions and rotate micro-mirror 256 by
the rotation angle 8., ,,;- The electrostatic force can create a
torque, which can set the rotation angle 6,,,,,; based on the
degree of spring stifftness of pivot connection structures
258a/258c¢.

On the other hand, when the micro-mirror rotates at a
large angle 6,,,.., fingers 2726 and 2745 can be displaced
from their initial positions by a large displacement (labeled
“ZD jisengage” 10 FIG. 2F). As a result, each corresponding
set of fingers 272a-b and fingers 274a-b is in a disengaging
position where the side surfaces (parallel with the x-z plane)
of each corresponding set of fingers no longer overlap. The
mutual electrostatic force between each corresponding set of
fingers may have reached a maximum. As a result, even
when a voltage difference across a corresponding set of
fingers increases, the mutual electrostatic force does not
increase with the voltage difference, and the sets of movable
fingers cannot be displaced further to further increase the
rotation angle of micro-mirror 256. As a result, the rotation
angle of micro-mirror 256 may have reached a maximum.
The maximum rotation angle may be further reduced when
the length of micro-mirror 256 (denoted “L,,,,,.,.” in FIG.
2E) increases to increase the aperture as well as the detection
range. Specifically, with the length of micro-mirror 256
increased, fingers 2726 and 274b can undergo the same
displacement ZD ... and disengage when micro-mirror
256 rotates by an angle smaller than 6,,,,., which reduces
the maximum rotation angle of micro-mirror 256.

Example Techniques to Increase Rotation Angle of
Micro-Mirror

FIG. 3A, FIG. 3B, and FIG. 3C illustrate examples of a
micro-mirror assembly that can address at least some of the
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issues described above. As shown in FIG. 3A-FIG. 3C, a
micro-mirror assembly 300 can include a micro-mirror 302
and one or more actuators 304. In FIG. 3A, one or more
actuators 304 include a pair of actuators 3044 and 3045. One
end of each of actuators 304a and 3045 is directly connected
to substrate 255. Another end of each of actuators 304a and
3045 is mechanically connected (which can include direct or
indirect physical connection) to opposite end portions of
micro-mirror 302, or a gimbal (e.g., gimbal 254 of FIG. 2C)
that surrounds micro-mirror 302. For example, actuator
304q is mechanically connected to an end portion 306a of
micro-mirror 302 (or of gimbal 254), whereas actuator 3045
is mechanically connected to an end portion 3065 of micro-
mirror 302 (or of gimbal 254).

Each of actuators 304a and 3045 can exert a force at,
respectively, end portions 306a and 3065 to rotate micro-
mirror 302 around a rotation axis 310. In some examples, as
shown in FIG. 3A, actuator 304a and end portion 3064 can
be connected via a force-transfer connection structure 308a,
whereas actuator 3045 and end portion 3065 can be con-
nected via a force-transfer connection structure 3085. Force-
transfer connection structures 3084 and 3085 can transfer
the forces generated by actuators 3044 and 3046 to, respec-
tively, end portions 3064 and 3065. In some examples, as to
be described below, actuator 304a can also be directly
connected to end portion 3064, whereas actuator 3045 can
also be directly connected to end portion 3065, such that the
actuators directly exert the forces at the end portions of
micro-mirror 302. Actuators 304 and micro-mirror 302 can
suspend over a cavity 311, which provides space for micro-
mirror 302 to rotate.

Although FIG. 3A illustrates that micro-mirror assembly
300 includes a pair of actuators 304a and 3045, it is
understood that micro-mirror assembly 300 can also include
a single actuator 304. The single actuator can be mechani-
cally connected to one end portion (one of end portions 306a
or 3065) of micro-mirror 302 and can rotate micro-mirror
302 by exerting a force at the end portion of micro-mirror
302. Moreover, in a case where the micro-mirror has mul-
tiple rotation axes, as shown in FIG. 2C, micro-mirror
assembly 300 can include multiple sets of actuators, with
each set including one or more actuators to rotate the
micro-mirror around different rotation axes.

Referring to FIG. 3B, actuator 304 (e.g., actuator 304q)
can include a piezoelectric actuator which is deformable, in
response to a voltage, to bend up or down along an axis
perpendicular to a rotation axis 310 of micro-mirror 302
(e.g., along the z-axis) to exert a force at end portion 306a
of micro-mirror 302. The force can create a torque to rotate
the micro-mirror. As piezoelectric actuator 304a bends, it
can displace end portion 306a of micro-mirror 302, which
causes the micro-mirror to rotate around rotation axis 310.
Piezoelectric actuator 304a may include a PZT layer 312
formed on an elastic material layer 314, such as silicon. The
PZT layer can expand or contract in response to a voltage,
which causes piezoelectric actuator 304a to bend up or
down, which then rotates micro-mirror 302 clockwise (e.g.,
when piezoelectric actuator 304a bends up) or counter-
clockwise (e.g., when piezoelectric actuator 304a bends
down). Unlike the case of comb drive where there is no
physical connection between the two sets of fingers and
where the comb drive may be unable to exert a force on the
micro-mirror when the two sets of fingers disengage, in
micro-mirror assembly 300, piezoelectric actuators 304a
and 3045 can remain mechanically connected with micro-
mirror 302 as the micro-mirror rotates. Such arrangements
allow the piezoelectric actuator to continue to exert the
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torque and set the rotation angle of the micro-mirror even
when the opposite ends of the micro-mirror experience a
large displacement from their initial positions. As a result,
the achievable range of rotation angle of the micro-mirror, as
well as the FOV, can be increased, while the range of
rotation angle is not (or less) limited by the dimension of the
micro-mirror, which allows improvements in both the FOV
and detection range of the light steering system.

Referring back to FIG. 3A, in some examples, micro-
mirror assembly 300 may include a pair of pivot connection
structures 320a and 3206 to mechanically connect micro-
mirror 302 (or a gimbal that surrounds micro-mirror 302) to
substrate 255. The pair of pivot connection structures 320a
and 3206 can set a pair of pivot points that align with
rotation axis 310 around which micro-mirror 302 rotates. In
some examples, as to be described below, if the micro-mirror
includes a pair of actuators each displacing an opposite end
of the micro-mirror by the same distance but towards
opposite directions (e.g., one end goes up, the other end goes
down), micro-mirror assembly 300 may not need pivot
connection structures 320a and 3205 to set the pivot points.
In such examples, micro-mirror assembly 300 may not
include pivot connection structures 320a and 3204 or may
include pivot connection structures 320a and 3205 that are
weakly connected to or movable at the pivot points. Such
arrangements can reduce the constraint on the rotation of
micro-mirror 302 caused by the stiffness of pivot connection
structures and can further increase the maximum rotation
angle of micro-mirror 302.

FIG. 3C illustrates various physical attributes of micro-
mirror assembly 300 that determine the rotation angle and
frequency of micro-mirror 302. In FIG. 3C, actuator 304a
can have a default bending shape, and a blocking force F is
required to bend actuator 3044 to set it straight, such that the
displacement of end portion 306a from its initial/default
position becomes zero. Referring to FIG. 3C, the force
provided by actuator 304a can be expressed as follows:

F=FK.,7Zp (Equation 4)

In Equation 4, F can represent the force provided by
piezoelectric actuator 304a, F, can represent the blocking
force when the displacement of end portion 3064 is forced
to be zero, and K, can represent the degree of spring
stiffness of piezoelectric actuator 304a which is largely
attributed to the degree of spring stiffness of elastic layer 314
(e.g., silicon), whereas 7, represents the displacement at end
portion 306a.

With the distance between piezoelectric actuator 304a and
rotation axis 310 equal to L, and rotation angle 6 being
small, the relation between 0 and Z,, can be expressed as
follows:

0=Z,/L (Equation 5)

Referring to graph 350 of FIG. 3C, when rotation angle 6
equals zero, which means end portion 306a has zero dis-
placement, the force exerted by actuator 304a (F) equals the
blocking force F,. On the other hand, actuator 304a exerts
a zero force F when actuator 304q¢ is in the default bending
shape, in which case end portion 306a displaces from its
initial position by a distance Z,,, which gives rise to a
rotation angle of Z,,/L. according to Equation 5.

The torque on micro-mirror 302 under a rotation angle of

0, exerted by actuator 304a, can be expressed as:
T=K0-FL=K.0-L(Fo-K4Zp) (Equation 6)

In Equation 6, T represents the total torque on the micro-
mirror, whereas K, represents the spring stiffness of pivot
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connection structures 320a and 3205. The micro-mirror
maintains a rotation angle of 6 when applied force equals the
blocking force F, such that the total torque T equals zero.

Equation 6 can be rewritten as follows by combining with
Equation 5:

T=(KAK L?)0-F,L (Equation 7)

From Equation 7, the overall spring stiffness K of micro-
mirror assembly 300, attributed to the spring stiffness K ; of
actuator 304a and the spring stiffness of pivot connection
structures 320a and 3205, can be expressed as follows:

K=KAK,L? (Equation 8)

The rotation angle 6 can be related to the overall spring
stiffness K as follows:

Fol Rl

K +K 2K

(Equation 9)

In addition, the resonant frequency of micro-mirror 302,
which can determine the rotation frequency as well as the
scanning frequency of the light steering system, can be
determined based on Equation 8 and Equation 3 described
above.

As described in FIG. 3A, in some examples, micro-mirror
assembly 300 includes force-transfer connection structures
308 connected between actuators 304 and micro-mirror 302.
FIG. 4A-FIG. 4B illustrate various placements of force-
transfer connection structures 308. In FIG. 4A and FIG. 4B,
the shapes of force-transfer connection structures 308 are
provided to simplify illustration only and may or may not
represent the actual shapes of the force-transfer connection
structures. In some examples, as shown in FIG. 4A, con-
nection structures 3084 and 3085 can be connected to first
side surfaces 4024 and 4025 of micro-mirror 302 (or of the
gimbal) that intersect with rotation axis 310. In some
examples, as shown in FIG. 4B, connection structures 308a
and 3085 can be connected to second side surfaces 404a and
4045 of micro-mirror 302 (or of the gimbal) that are in
parallel with rotation axis 310. In both FIG. 4A and FIG. 4B,
force-transfer connection structures 3084 and 3085 are con-
nected to, respectively, end portions 306a and 3065 of
micro-mirror 302 away from rotation axis 310, such that a
force exerted by the force-transfer connection structures
(transferred from the actuators) can create a torque around
rotation axis 310 of micro-mirror 302.

FIG. 4C and FIG. 4D illustrate examples of force-transfer
connection structure 308. FIG. 4C illustrates a side view and
a three-dimensional view of an example of connection
structure 308. As shown in FIG. 4C, connection structure
308 (e.g., connection structure 308a) can include a first bar
410, a second bar 412, and a frame structure 414 connected
between first bar 410 and second bar 412. First bar 410 is
directly connected to an actuator (e.g., actuator 304a) at a
first connection point 416, whereas the second bar is directly
connected to micro-mirror 302 (or gimbal) at a second
connection point 418 which can be on first side surfaces
402a/4025b, as shown in FIG. 4C, or on second side surfaces
4044a/404b, as shown in FIG. 4A-FIG. 4B. Opposite ends of
first bar 410 and second bar 412 are directly connected to
two sides of frame structure 414. Although FIG. 4C illus-
trates that frame structure 414 has a rectangular shape, it is
understood that frame structure 414 can have other shapes,
such as a circular shape, an oval shape, or a diamond shape.

In some examples, force-transfer connection structure 308
of FIG. 4C and FIG. 4D can have a relatively low rotational
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spring stiffness (along a direction represented by a curved
arrow A) and would only allow a rotation of the micro-
mirror 302 relative to actuators (304a or 3045). At the same
time, force-transfer connection structure 308 can also have
a relatively high linear spring stiffness (along represented by
arrow B) to keep both the connection points (416 and 418)
at the same distance relative to the mirror surface.

Referring to the right of FIG. 4C, as actuator 304a bends
up, first and second connection points 416 and 418 may
move away from each other along a horizontal direction
(e.g., along the x-axis or y-axis), whereas when actuator
304a bends down, first and second connection points 416
and 418 may move towards each other along the horizontal
direction. Yet in both cases, connection points 416 and 418
move up or down along a vertical direction (e.g., along the
z-axis). To accommodate the different degrees of relative
movements between connection points 416 and 418, first bar
410 and second bar 412 can be configured to have a high
degree of spring stiffness in all directions. Moreover, frame
structure 414 can be configured to have a high degree of
spring stiffness along the vertical direction, and a low degree
of sprint stiffness along the horizontal direction. With such
arrangements, as micro-mirror 302 rotates, frame structure
414 can deform along the horizontal direction to allow the
two connection points 416 and 418 to move towards or away
from each other along the horizontal direction, yet the entire
force-transfer connection structure 308 is more rigid along
the vertical direction to force the two connection points 416
and 418 to move up or down together, so as to transfer a
bending force of actuator 304a to micro-mirror 302 to
provide the torque.

FIG. 4D illustrates a side view and a three-dimensional
view of another example of connection structure 308. As
shown in FIG. 4D, connection structure 308 (e.g., connec-
tion structure 308a) can include a deformable bar 420
having a serpentine or spring shape. One end of the deform-
able bar is directly connected to the actuator (e.g., actuator
304aq) at first connection point 416, whereas another end of
the deformable bar is directly connected to micro-mirror 302
(or gimbal) at a second connection point 418 which can be
on first side surfaces 4024/4025, as shown in FIG. 4D, or on
second side surfaces 404a/4045b, as shown in FIG. 4A-FIG.
4B. Just like frame structure 414 of F1G. 4C, deformable bar
420 has different degrees of spring stiffness along different
directions. As micro-mirror 302 rotates, deformable bar 420
can deform along the horizontal direction to allow the two
connection points 416 and 418 to move towards or away
from each other along the horizontal direction, yet deform-
able bar 420 is also more rigid along the vertical direction to
force the two connection points 416 and 418 to move up or
down together, so as to transfer a bending force of actuator
304a to micro-mirror 302 to provide the torque.

FIG. 5 illustrates an example of micro-mirror assembly
300 in which actuators 304 are directly connected to micro-
mirror 302 (or the gimbal that surrounds micro-mirror 302).
In FIG. 5, piezoelectric actuators 304a and 304H can be
connected to a bottom surface 502 of micro-mirror 302.
Bottom surface 502 is opposite to a light-reflecting surface
504 of micro-mirror 302. Piezoelectric actuators 304a and
3045 can be connected to bottom surface 502. The connec-
tion points between piezoelectric actuators 304a and 3045
and bottom surface 502 of micro-mirror 302 can be at end
portions 306a and 3065 of the micro-mirror and away from
the rotation axis, such that the force exerted by the piezo-
electric actuator can form a torque to rotate the micro-mirror.

As explained above, in some examples, micro-mirror 302
can be connected to substrate 255 via a pair of pivot
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connection structures 320a and 3205 (e.g., a torsion bar, a
spring) to set the pivot point of rotation. But the spring
stiffness of the pivot connection structures may limit the
achievable range of rotation angle of the micro-mirror. For
example, referring to Equation 9 (reproduced below), the
rotation angle 6 reduces when the overall spring stiffness K
increases. The rotation angle 6 will be further reduced when
the dimension of micro-mirror 302 increases to increase
detection range, which leads to a large L, and/or when the
spring stiffness of the pivot connection structures K,
increases.

FoL FoL

TK+KET K

(Equation 9)

System stiffness K is determined by the resonant frequency,
for a fixed resonant frequency, K is a constant. The driving
force F is proportional to the stiffness of actuator K, (i.e.
stiffer actuator can provide more force). To achieve a larger
rotation angle, K, can be made as large as possible to
increase F,, since K ?+K, is constant, while K, can be
reduced as much as possible to increase the rotation angle
and FOV.

In some examples, to further increase the rotation angle
and the FOV, the pivot connection structures can be
removed. Referring to Equation 9, with the pivot connection
structures removed, the rotation angle 0 is no longer con-
strained by the spring stiffness of the pivot connection
structures K,. Rotation angle 6 can be related to blocking
force F, and spring stiffness of actuator K, as follows:

F
g= %
KL

(Equation 10)

FIG. 6A illustrates an example of micro-mirror assembly
300 that does not include pivot connection structures
between substrate 255 and micro-mirror 302, to further
increase the rotation angle. In FIG. 6A, pivot connection
structures may not be needed to set the pivot point of
rotation, if actuators 304a and 3045 each displace an oppo-
site end of micro-mirror 302 by the same distance Z,, but
towards opposite directions (e.g., one end goes up, the other
end goes down) at any given time.

In some examples, instead of having no pivot connection
structure, micro-mirror assembly 300 may include a pair of
pivot connection structures having a very low degree of
spring stiffness connected between micro-mirror 302 and
substrate 255. Micro-mirror assembly 300 may also include
a pair of movable connection structures 620a and 6205 fit
within a pair of grooves 622a and 6225 of the substrate, as
shown in FIG. 6B. All these arrangements can be provided
to prevent the movement of the pivot point due to mis-
matches between the pair of actuators.

FIG. 7A, FIG. 7B, and FIG. 7C illustrate example fabri-
cation process of fabricating micro-mirror assembly 300 of
FIG. 3A-FIG. 3C. FIG. 7A and FIG. 7B illustrates an
example fabrication process 700.

Referring to FIG. 7A, fabrication process 700 can start
with step 702 with a silicon on insulator wafer comprising
a first silicon layer 704, an insulator 706 (e.g., silicon
dioxide), and a second silicon layer 708 forming a stack.

In step 712, another layer of insulator 714 can be depos-
ited on first silicon layer 702.
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In step 722, a top electrode layer 724 (e.g., a conductor
such as copper), a lead zirconate titanate (PZT) layer 726,
and a bottom electrode layer 728 (e.g., copper) can be
deposited on insulator layer 714.

In step 732, the electrode and PZT layers can be patterned
to over regions corresponding to actuators 304a and 3045.

In step 742, anti-reflecting layers 744 and metallic layer
746 can be deposited over regions corresponding to gimbal
256 and micro-mirror 302.

Referring to FIG. 7B, in step 752, first silicon layer 704
can be patterned (e.g., based on a deep reactive-ion etching
process) to form actuators 304a and 3045, connection struc-
tures 308a and 3085, gimbal 256, and micro-mirror 302. In
some examples, pivot connection structures 320a and 3205
can also be formed in step 752.

In step 754, a back-side etching operation can be per-
formed on second silicon layer 708 to form wall structures
756a and 7565 to enclose cavity 311, followed by the
patterning of insulator layer 706 to complete the formation
of actuators 304a and 30454, connection structures 308a and
3085, gimbal 256, and micro-mirror 302, in step 756.

FIG. 7C illustrates an example process 760 of forming a
micro-mirror assembly 300 in which micro-mirror 302 and
gimbal 256 each has a back-side support structure to
improve rigidity and to reduce moment of inertia. Referring
to FIG. 7C, after step 742 of FIG. 7A is performed, step 762
can be performed, which includes a back-side etching opera-
tion on second silicon layer 708 to form back-side support
structure 764 under micro-mirror 302 and gimbal 256, and
to form wall structures 766a and 7665. On the other hand,
a back-side etching operation can be performed on a carrier
wafer comprising a silicon layer 768 and an insulator layer
770 to form wall structures 772a and 772b, in step 780.

In step 780, wall structures 766a and 7665 can be bonded
on, respectively, wall structures 772a and 7726 to form
micro-mirror assembly 300, followed by the patterning of
insulator layer 706 to complete the formation of actuators
304a and 3045, connection structures 308a and 3085, gim-
bal 256, and micro-mirror 302 (not shown in FIG. 7C).

FIG. 8 illustrates a method 800 of operating a Light
Detection and Ranging (LiDAR) module, such as LiDAR
module 102 of FIG. 1. Method 800 can be performed by a
controller of the LiDAR module. The LiDAR module com-
prises a microelectromechanical system formed on a semi-
conductor substrate. The MEMS comprises an array of
micro-mirror assemblies. Each micro-mirror assembly, such
as micro-mirror assembly 300 of FIG. 3A-FIG. 6B, includes
a micro-mirror (e.g., micro-mirror 302) and one or more
deformable actuators, such as piezoelectric actuators 304a
and 3045. Each piezoelectric actuator is directly connected
to the semiconductor substrate and mechanically connected
to an end portion of the micro-mirror. In some examples, the
actuator is connected to the end portion via a force-transfer
connection structure, as shown in FIG. 4A-FIG. 4D. In some
examples, the actuator is connected to the end portion
directly, as shown in FIG. 5. In some examples, the micro-
mirror assembly comprises a gimbal surrounding the micro-
mirror, and the actuator can be mechanically connected to
the gimbal.

In step 802, the controller can determine a target rotation
angle. The target rotation angle can be determined based on,
for example, a scanning pattern (e.g., scanning pattern 232).

In step 804, the controller can generate an electrical signal
based on the target rotation angle. The electrical signal can
be based on, for example, a relationship between an applied
voltage across the electrodes of the actuator and a blocking/
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bending force (e.g., F,) of the actuator, as well as the
relationship between the target angle of rotation and F, as
shown in Equation 9.

In step 806, the controller can deform, using the electrical
signal the actuator of each mirror-mirror assembly to gen-
erate a torque.

In step 808, the controller can apply, via the deformation
of the actuator, the torque to rotate the micro-mirror of each
micro-mirror assembly around a rotation axis by the target
rotation angle to reflect light emitted by a light source out of
the LiDAR module, as shown in FIG. 2A, or to reflect light
received by the LiDAR module to a receiver, as shown in
FIG. 2B. The torque can be applied to the micro-mirror
either directly or via a force-transfer connection structure.

Other variations are within the spirit of the present
disclosure. Thus, while the disclosed techniques are suscep-
tible to various modifications and alternative constructions,
certain illustrated examples thereof are shown in the draw-
ings and have been described above in detail. It should be
understood, however, that there is no intention to limit the
disclosure to the specific form or forms disclosed, but on the
contrary, the intention is to cover all modifications, alterna-
tive constructions, and equivalents falling within the spirit
and scope of the disclosure, as defined in the appended
claims. For instance, any of the examples, alternative
examples, etc., and the concepts thereof may be applied to
any other examples described and/or within the spirit and
scope of the disclosure.

The use of the terms “a” and “an” and “the” and similar
referents in the context of describing the disclosed examples
(especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e.,
meaning including, but not limited to) unless otherwise
noted. The term “connected” is to be construed as partly or
wholly contained within, attached to, or joined together,
even if there is something intervening. The phrase “based
on” should be understood to be open-ended and not limiting
in any way, and is intended to be interpreted or otherwise
read as “based at least in part on,” where appropriate.
Recitation of ranges of values herein are merely intended to
serve as a shorthand method of referring individually to each
separate value falling within the range, unless otherwise
indicated herein, and each separate value is incorporated into
the specification as if it were individually recited herein. All
methods described herein can be performed in any suitable
order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples or
exemplary language (e.g., “such as”) provided herein is
intended merely to better illuminate examples of the disclo-
sure and does not pose a limitation on the scope of the
disclosure unless otherwise claimed. No language in the
specification should be construed as indicating any non-
claimed element as essential to the practice of the disclosure.

What is claimed is:

1. An apparatus, the apparatus being part of a Light
Detection and Ranging (LiDAR) module of a vehicle and
comprising:

a semiconductor integrated circuit comprising a micro-
electromechanical system (MEMS) and a substrate, the
MEMS comprising an array of micro-mirror assem-
blies, each micro-mirror assembly comprising:

a micro-mirror;
an actuator directly connected to the substrate and
mechanically connected to an end portion of the
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micro-mirror spaced from a rotation axis of the
micro-mirror and situated beyond a planar extension
in an x dimension and y dimension of the micro-
mirror, the actuator configured to deform in response
to an electrical signal and generate a corresponding
torque that rotates the micro-mirror around the rota-
tion axis to reflect light emitted by a light source out
of the LiDAR module or to reflect light received by
the LiDAR module to a receiver,

wherein the actuator comprises a piezoelectric actuator
deformable to bend up or down along a first axis
perpendicular to the rotation axis of the micro-mirror
to exert the torque;

a deformable force-transfer connection structure
directly connected to the actuator and mechanically
connected to the micro-mirror;
wherein the actuator is configured to exert the torque

to the micro-mirror via the deformable force-
transfer connection structure; and
wherein the deformable force-transfer connection
structure deforms when the micro-mirror rotates;
wherein the deformable force-transfer connection
structure comprises a first bar, a second bar, and a
frame structure between the first bar and the second
bar, the first bar being directly connected to the
actuator, the second bar being mechanically coupled
to the micro-mirror, and the frame structure having
one of a larger dimension than the first and second
bars and forming an enclosed structure, and being
directly connected to each of the first bar and the
second bar at, respectively, a first connection point
and a second connection point; and

wherein a frequency of rotation of the micro-mirror is
determined mostly based on a degree of spring
stiffness of the actuator.

2. The apparatus of claim 1, wherein the mechanical
connection between the actuator and the micro-mirror com-
prises the actuator being coupled to the micro-mirror
through a gimbal, with the actuator directly connected to a
gimbal surrounding the micro-mirror, the gimbal being
directly connected to the micro-mirror.

3. The apparatus of claim 1, wherein the deformable
force-transfer connection structure is mechanically con-
nected to a side of the micro-mirror that intersects the
rotation axis.

4. The apparatus of claim 1, wherein the deformable
force-transfer connection structure is mechanically con-
nected to a side of the micro-mirror parallel with the rotation
axis.

5. The apparatus of claim 1, wherein the frame structure
has a first degree of spring stiffness along a first direction to
allow the first connection point to move with respect to the
second connection point along the first direction when the
micro-mirror rotates;

wherein the frame structure has a second degree of spring

stiffness along a second direction perpendicular to the

first direction; and

wherein the second degree of spring stiffness is higher

than the first degree of spring stiffness to cause the first

connection point and the second connection point to
move together along the second direction when the
micro-mirror rotates.

6. The apparatus of claim 1, wherein the frame structure
comprises at least one of: a rectangular shape, an oval shape,
and a diamond shape.
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7. The apparatus of claim 1, wherein the actuator, the
deformable force-transfer connection structure, and the
micro-mirror are formed from patterning a single layer of
silicon material; and

wherein the micro-mirror assembly is formed by stacking
the patterned single layer of silicon material on the
substrate having a cavity such that the actuator, the
deformable force-transfer connection structure, and the
micro-mirror suspend over the cavity.

8. The apparatus of claim 1, wherein the actuator is
mechanically connected to a bottom surface of the micro-
mirror opposite to a light-reflecting surface of the micro-
mirror.

9. The apparatus of claim 8, wherein the micro-mirror is
formed from patterning a first layer of silicon material;

wherein the actuator is formed from patterning a second
layer of silicon material; and

wherein the micro-mirror assembly is formed by stacking
the patterned first layer of silicon material and the
patterned second layer of silicon material on the sub-
strate having a cavity such that the actuator and the
micro-mirror suspend over the cavity.

10. The apparatus of claim 1, wherein the actuator is a first

actuator;
wherein the end is a first end;
wherein the apparatus further comprises a second actuator
mechanically connected to a second end of the micro-
mirror, the second end being opposite to the first end;
and
wherein the first actuator and the second actuator are
configured to bend at opposite directions and to move,
respectively, the first end and the second end by the
same displacement.
11. The apparatus of claim 10, wherein the micro-mirror
is not mechanically connected to the substrate at the rota-
tional axis.
12. The apparatus of claim 1, further comprising
a receiver;
a light source;
a controller configured to control the actuator to rotate the
micro-mirror to set one of: an input path of light to the
receiver, and an output projection path of light from the
light source.
13. The apparatus of claim 12,
wherein the light source is a pulsed light source; and
wherein the controller is configured to:
control the light source to generate a first light pulse at
a first time;

control the actuator to set a first angle of the output
projection path to project the first light pulse towards
an object along the output projection path;

control an actuator of each micro-mirror assembly to
set a second angle of the input path to steer a second
light pulse reflected from the object to the receiver,
the second light pulse being received at the receiver
at a second time; and

determine a location of the object with respect to the
apparatus based on a difference between the first
time and the second time, as well as on the first angle
and the second angle.

14. An apparatus, the apparatus being part of a Light
Detection and Ranging (LiDAR) module of a vehicle and
comprising:

a semiconductor integrated circuit comprising a micro-
electromechanical system (MEMS) and a substrate, the
MEMS comprising an array of micro-mirror assem-
blies, each micro-mirror assembly comprising:
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a micro-mirror;

a first actuator directly connected to the substrate and
mechanically connected to a first end of the micro-
mirror spaced from a rotation axis of the micro-
mirror and situated beyond a planar extension in an
x dimension and y dimension of the micro-mirror,
the first actuator configured to deform in response to
an electrical signal and generate a corresponding
torque that rotates the micro-mirror around the rota-
tion axis to reflect light emitted by a light source out
of the LiDAR module or to reflect light received by
the LiDAR module to a receiver,

wherein the first actuator comprises a piezoelectric
actuator deformable to bend up or down along a first
axis perpendicular to the rotation axis of the micro-
mirror to exert the torque;

a deformable force-transfer connection structure
directly connected to the actuator and mechanically
connected to the micro-mirror;

wherein the first actuator is configured to exert the
torque to the micro-mirror via the deformable force-
transfer connection structure;

wherein the deformable force-transfer connection
structure deforms when the micro-mirror rotates;

wherein the deformable force-transfer connection
structure comprises a first bar, a second bar, and a
frame structure between the first bar and the second
bar, the first bar being directly connected to the first
actuator, the second bar being mechanically con-
nected coupled to the micro-mirror, and the frame
structure being directly connected to each of the first
bar and the second bar at, respectively, a first con-
nection point and a second connection point;

wherein the apparatus further comprises a second
actuator mechanically connected to a second end of
the micro-mirror, the second end being opposite to
the first end;

wherein the first actuator and the second actuator are
configured to bend at opposite directions and to
move, respectively, the first end and the second end
by the same displacement; and

a pair of second connection structures mechanically
connected to the micro-mirror and placed over a pair
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of grooves formed on the substrate, the pair of
second connection structures being rotatable over the
pair of grooves.

15. A method comprising:
determining a target rotation angle of a micro-mirror of

each micro-mirror assembly of an array of micro-
mirror assemblies of a microelectromechanical system
(MEMS) implemented on a semiconductor substrate,
each micro-assembly further comprising a deformable
actuator directly connected to the substrate and
mechanically connected to an end portion of the micro-
mirror spaced from a rotation axis of the micro-mirror
and situated beyond a planar extension in an X dimen-
sion and y dimension of the micro-mirror, the MEMS
being part of a Light Detection and Ranging (LiDAR)
module;

generating, based on the target rotation angle, an electrical

signal;

deforming, using the electrical signal, an actuator of each

micro-mirror assembly to generate a torque; and

deforming a force-transfer connection structure between

the actuator and the micro-mirror, the force-transfer
connection structure including a first bar, a second bar,
and a frame structure between the first bar and the
second bar, the first bar being directly connected to the
actuator, the second bar being mechanically coupled to
the micro-mirror, and the frame structure having one of
a larger dimension than the first and second bars and
forming an enclosed structure, and being directly con-
nected to each of the first bar and the second bar at,
respectively, a first connection point and a second
connection point;

rotating, using the torque, the micro-mirror of each micro-

mirror assembly around a rotation axis by the target
rotation angle to reflect light emitted by a light source
out of the LiDAR module or to reflect light received by
the LiDAR module to a receiver; and

determining a frequency of rotation of the micro-mirror

mostly based on a degree of spring stiffness of the
actuator.



